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Abstract 
Defence Contractors and NATO ± Ministry of Defences (MoDs) are currently exploiting Additive Manufacturing (AM) Technology to improve 
availability of defence platforms and support soldiers deployed in remote Area of Operations (AO). Additive Manufacturing is considered a 
disruptive technology when employed in a military context to reduce the reliance on supply chains and improve the responsiveness to 
Operation Tempo (OT). This papers aims at presenting a novel system approach to model the end-to-end process of delivering a product printed 
with AM and estimate accurately the time and costs of AM. Understanding better the time and costs of AM will allow the MoDs and Defence 
Contractors to perform comparison with current practices and support their decision making in AM technology acquisition.  
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 11th CIRP Conference on Intelligent Computation in Manufacturing 
Engineering. 
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1. Introduction 
AM has been extensively investigated in the military 
environment due to its ability to provide rapid, delocalized 
and flexible manufacturing of plastic and metal components. 
'HSOR\LQJ $0 LQ $2¶V SURYLGHV PDMRU DGYDQWDJHV WR WKH
NATO ± 0R'¶V1HYHUWKHOHVVLWLVLPSRUWDQWWRHVWLPDWHWKH
time and cost of AM to quantify the Key Performance 
Indicators (KPI) and make a comparison with current 
practices. This will allow key decision makers to adopt a data 
driven approach when considering AM in their technology 
acquisition programs. This paper presents both a novel system 
approach and an exhaustive AM Cost Model for estimation. 
 
2. Literature Review 
   Hopkinson and Dicknes (2003) developed a cost model to 
pURYLGHGLUHFWFRPSDULVRQEHWZHHQ³$GGLWLYH0DQXIDFWXULQJ´
(AM) and injection moulding. The AM process has been 
broken down into machine cots, labour cost and material cost. 
The cost model developed is based on expert judgement, 
extended and educated assumption and fed by a wide range of 
data. Ruffo et al. (2006) advances the cost modelling on AM 
with the development of a cost model which considers the 
high impact of investment and overheads of modern 
manufacturing processes. The cost model considers activities 
associated with AM and divides them into direct and indirect 
costs. These activities have been translated into hourly rates 
KRXU SURYLGLQJ HYLGHQFH RI WKH DSSOLFDWLRQ RI ³$FWLYLW\
%DVHG &RVWLQJ´ $%& WHFKQLTXH 7KH GHYHORSHG ³&RVW
%UHDNGRZQ 6WUXFWXUH´ &%6 LQFOXGHG ODERXU PDWHULDO
machine absorption and production/administrative overheads. 
Moreover, the authors were able to model the costs associated 
with the alteration of the orientation of the part within the 
build chamber. Lindemann et al. (2012) Provided a further 
development into cost modelling for AM introducing a more 
FRQVLVWHQW ZD\RI DSSO\LQJ ³$FWLYLW\%DVHG&RVWLQJ´ $%&
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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DQG³(YHQW'ULYHQ3URFHVV&KDLQV´('3&IRUFRVWLQJ$0
The cost model has been developed to estimate the life-cycle 
costs of AM including the costs occurring from the 
conceptualisation of the design till the disposal of the product. 
/LQGHPDQQ¶V DSSURDFK LV EDVHG RQ SURFHVV DQDO\VLV FRVW
drivers analysis and product life-cycle analysis. The cost 
PRGHO LPSOHPHQWV ³7LPH 'ULYHQ $FWLYLW\ %DVHG &RVWLQJ´
(TDABC) as a computation technique. According to 
Lindemann et al. (2012) geometrical complexity is a strong 
influencing factors on the product cost estimate as this has an 
impact on the cycle time of the machine. Moreover, the need 
for more accurate deposition time estimation is required. Zhai 
and Lockett (2012) developed an early stage cost model to 
FRPSDUH WKH FRVWV RI ³:LUH  $UF $GGLWLYH 0DQXIDFWXULQJ´
(WAAM) technology and CNC. As WAAM technology is 
featured with high deposition rates, medium design freedom, 
it is applied to large aerospace structural components and the 
focus of their cost model is to provide an accurate product 
cost estimation but mostly outline a comparison  
3. Methodology 
In Fig.1 the followed methodology is presented. The 
methodology is made of 7 phases. 
 
As follow a description of the phases: 
Phase ±  ³Literature Review´ $ OLWHUDWXUH UHYLHZ KDV EHHQ
carried out on Additive Manufacturing costing. To do this an 
analysis of publications on SCOPUS and Sciencedirect 
GDWDEDVHV KDV EHHQ GRQH ZLWK WKH NH\ZRUGV ³$GGLWLYH
0DQXIDFWXULQJ´DQG³&RVW0RGHOOLQJ´DQG³&RVW(VWLPDWLRQ´
A total of 4 relevant publications have been identified. 
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Fig. 1. Methodology. 
 
Phase ±  ³6\VWHP RI ,QWHUHVW´ 6R, WKLV UHSUHVHQWV D
conceptual modelling activity which seeks to define the 
boundaries of the investigated system (the AM organisation), 
its elements, sequences, links, triggering events and dynamics. 
Phase ±  ³%XVLQHVV 3URFHVV 0DSSLQJ´ %30 WKLV LV WKH
sequential conceptual modelling activity which provides a 
further level of information on the AM organisation and how 
it delivers value through its processes.     
Phase ± ³&RVW%UHDNGRZQ6WUXFWXUH´&%6IHGE\WKH6R, 
and BPM, this phase looks at defining at a conceptual level 
the CBS. The CBS represents also the desired Model output 
which needs to be as detailed as possible on the FDM system. 
Phase ± ³0DWKHPDWLFDO0RGHO´ IHGE\ WKH 6R,%30DQG
CBS, this phase aims at developing the equations which 
represents the occurrence of costs during the process of 
delivering value within the AM organisation. This phase is 
based on the work of Zhai and Lockett (2012). 
Phase ± ³0RGHO$UFKLWHFWXUH´ WKLVSKDVHDLPVDWVWXG\LQJ
and defining the logic of the cost model, how the code should 
be written, what are the inputs/outputs, how to display them to 
make them significant and how to keep the model flexible in 
order to make it functional and adaptable to various 
organisations.  
Phase ± ³9DOLGDWLRQ´WKLVSKDVHDLPVDWYDOLGDWLQJWKHFRVW
model in both ways, through the validation of the process to 
develop it and through case studies with real organisation in 
order to compare the results and verify the accuracy and 
reliability of the model.  
Table 1 ± List of Experts 
Years of 
Experience 
Position Organisation 
20 Managing Director R&D Company 
7 Project Engineer R&D Company 
20 Head of Manufacturing R&D Company 
15 Senior Lecturer Academia 
In order to develop the SoI and BPM, relevant experts have 
been identified and presented in Table 1and four unstructured 
interviews have been carried out to elicit and capture expert 
judgement.  
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4. System of Interest (SoI) 

 ?

 ?

 ?

 ?

 ?

 ?

 ?
^ƵƉƉůŝĞƌ DKƌŐĂŶŝƐĂƚŝŽŶ ƵƐƚŽŵĞƌ
W ? ?
 ? ?
 ? ?
 ? ?
W ? ?
' ? ?
> ? ? > ? ?
D ? ? D ? ?
 ? ?
W ? ?
 ?
 ?
 ?
 ?
 ?
 ?
 ?  ?
 ? D ?
 ?
 ?
WƌŽĐƵƌĞŵĞŶƚ
ŝĚĚŝŶŐ
'ĞŽŵĞƚƌǇ
DĂŶƵĨĂĐƚƵƌŝŶŐ

Fig. 2. System of Interest (SoI). 
This section outlines the results of the definition of the 
³6\VWHP RI ,QWHUHVW´ 6R, ZKLFK KDV EHHQ XVHG IRU
developing the model. The SoI is a critical visual model 
which outlines information related to the boundaries of the 
model, the system elements, links, sequences and triggering 
events. The SoI does not aim to represent exhaustively the 
complexity of the real world, it rather aims to provide a 
simplified version.  
The SoI which will feed the Modelling phase, is visualised in 
Fig. The SoI is made of 3 entities, the supplier of Raw 
Materials, the AM Organisation and the Customer. 
Table 2 - System Elements 
System Elements (SE) 
E ± 1 Raw Material supplier 
E ± 2 AM Organisation ± Commercial  
E ± 3 AM Organisation ± Technical 
E ± 4 AM Organisation -- FDM  
E ± 5 AM Organisation ± Post Processing 
E ± 6 AM Organisation ± 3D Scanner 
E ± 7 Customer 
The core of the SoI is the AM Organisation which is 
comprehensive of a commercial element (E-2) in charge of 
sales activities and setting Selling Price and Delivery Date, a 
technical element (E-3) responsible to process geometries and 
perform estimates on Cost and Lead Time, a Fused 
Deposition Modelling (FDM) element (E-4) responsible to 
convert the 3D CAD Files into a physical product, post-
processing element (E-5) which converts the near-net shape 
product into a net shape one and finally a 3D Scanner (E-6) 
which performs Quality Assurance tests. On the sides of the 
SoI the supplier (E-1) of Raw Material and the customer (E7) 
are located.  
The aim of the system is to create and deliver value to the 
customer (E-7). The value creation is obtained through the 
interaction of E1/E2/E3/E4/E5/E6/E7 which are 
interconnected through links outlined in Table 3. 
 
 
Table 3 - Links between Elements 
Links between Elements 
P ± 1  Procurement ± (E-7) sends Request for Quotation 
to (E-2) 
P ± 2 Procurement ± (E-7) places order to (E-2) 
P ± 3 Procurement ± (E-3) requests Raw Material from 
supplier (E-1) 
B ± 1  Bidding ± (E-2) requests (E-3) for technical review 
of RfQ and estimates on Cost and Lead Time 
B ± 2  Bidding ± (E-3) provides estimates on Cost and 
Lead Time to (E-2) 
B ± 3  Bidding ± (E-2) develops Delivery Date and Price 
and quotes to (E-7) 
B ± 4 Bidding ± (E-2) places order internally and requests 
(E-3) to perform geometric work 
G ± 1  Geometric ± (E-3) performs geometric work and 
develops Control Files for FDM machine 
M ± 1  Manufacturing ± FDM machine receives Control 
Files and prints the product 
M ± 2  Manufacturing ± AM product is post processed and 
sent to Quality Assurance (3D Scanner) 
L ± 1 Inbound Logistics ± From Supplier (E-1) to AM 
Organisation 
L ± 2  Outbound Logistics ± From AM Organisation to 
Customer (E-7) 
In order to obtain a further level of information regarding the 
value creation process of the AM Organisation, a process 
analysis has been carried out and presented in the form of a 
Process Map outlined in Fig. . The process analysis outlined 
that the AM Organisation is made of 3 interconnected 
processes: 1) Bidding Process, 2) Geometric Process and 3) 
Manufacturing Process. The Process Map has been developed 
in order to atomize the business processes into the necessary 
sequential activities. Moreover, this type of documents 
provides an extensive number of information such as 
INPUTS/OUTPUTS, responsibility of activities, necessary 
resources, decisions and scenarios.  
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5. Business Process Map 
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Fig. 3. Process map. 
5.1. Bidding process 
This process is featured by seven sequential activities and is 
WULJJHUHG E\ WKH ³5HTXHVW IRU 4XRWDWLRQ´ 5)4 $ 6DOHV
persona and an Engineer with FDM experience is responsible 
to carry out all the activities. The Engineer is supported by an 
³$GGLWLYH 0DQXIDFWXULQJ´ $0 VRIWZDUe which is able to 
read STL files which contains the data on the geometry. The 
aim of the process is to provide customers with two key 
decision variables: lead time and product price. Based on 
these two variables the customer will draw its decision on 
placing an order or select another supplier. If a geometry has 
been processed before by the engineer, the data on product 
cost and price are already available on a database. If the 
geometry has not been processed before the engineer has to 
go through the geometry preparation process in order to 
complete the bidding process.  
5.2. Bidding process 
This process is made of nine sequential activities and is 
triggered by the need to retrieve data on product volume and 
time of deposition. The process has two aims, prepare an STL 
to control an FDM deposition and obtain an early estimate on 
product cost. Key activities are: build orientation 
identification, development and minimization of supports and 
finally cost estimation. These activities do not have standard 
cycle times and vary significantly. 
5.3. Bidding process 
This process is made of three main sub-processes and eleven 
activities. The sub-processes are FDM process, post-
processing and 3D scanning. The deposition process is 
triggered by the arrival of the order by the customer. It has to 
be outlined that the FDM machine has to be calibrated each 
build.  
Through the interviews with experts, it was possible to 
develop two scenarios that occur within an AM Organisation 
and outline the worst case and best case for each of them. 
Scenario 1 ± ³SUHYLRXVH[SHULHQFH LVDYDLODEOH´ DQ67/ILOH
has been already processed and is stored and available for 
printing. Cost and cycle times have been already computed 
therefore the Sales person has only to compute the delivery 
time through the interrogation of the schedule of the machine. 
Has to be outlined that prices might have to be adjusted to 
changes in the macro environment (i.e. material cost 
increment).  
Scenario 2 ± ³SUHYLRXV H[SHULHQFH LV QRW DYDLODEOH´ WKH
engineer has not processed the STL file before; therefore, he 
has to complete the geometry preparation process. Cycle 
times may vary dramatically based on project complexity. 
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6. Additive Manufacturing Cost Model 
 
Fig. 4. Additive manufacturing cost model. 
The Additive Manufacturing Cost Model is outlined in Fig.  
and can perform an accurate and detailed estimation of the 
process to deliver a plastic component printed with Fused 
Deposition Modelling (FDM). The Cost Model considers 
mainly three processes to deliver the component: 1) Bidding 
Process, 2) Design Process and 3) Manufacturing Process.  
The CBS is the Model Output which has to be as detailed and 
comprehensive as possible. The CBS has been developed 
through logical inferences and analysis of the combined SoI 
and BPM. The CBS is made of the cost of bidding, the cost of 
preparing the geometry for AM and the cost to manufacture it. 
While the cost of bidding and the cost of preparing the 
geometry have been included at a high level, the cost of 
manufacturing has been atomised. 
6.1. Rates Calculation 
Three main rates have to be computed as these are consumed 
in the Bidding, Geometry preparation and Manufacturing 
process. These are divided into two main categories: 
The rate of the machines (FDM and 3D Scanner) is calculated 
as follows and considers the initial investment, the time of 
utilisation, the utilisation rate and the overheads for factory 
space, consumables and maintenance: 三仕 噺 " 薩仔士察伺史嗣参四茅三四 "【"岫層 伐 鮫士岻  (1) 
 
 
 
Where: 三仕 噺 迎欠建結"剣血"警欠潔月件券結 薩仔士察伺史嗣 噺 荊券懸結嫌建兼結券建"系剣嫌建 参四 噺 劇件兼結"剣血"戟建件健件嫌欠建件剣券 三四 噺 迎欠建結"剣血"戟建件健件嫌欠建件剣券 鮫士 噺 頚懸結堅月結欠穴嫌 
The rate of the software employed for processing the 
geometry and converting a 3D CAD File into an STL which 
can control the machine is calculated considering the initial 
investment, the time of utilisation and the utilisation rate: 三史 噺" 薩仔士察伺史嗣参四茅三四 "  (2) 
Where: 三史 噺 迎欠建結"剣血"鯨剣血拳欠堅結 薩仔士察伺史嗣 噺 荊券懸結嫌建兼結券建"系剣嫌建 参四 噺 劇件兼結"剣血"戟建件健件嫌欠建件剣券 三四 噺 迎欠建結"剣血"戟建件健件嫌欠建件剣券 
The rate of the human resources is calculated as follow: 三史珊 噺" 札史茅察冊酸司 茅 "鮫士   (3) 
Where: 三史珊 噺 迎欠建結"剣血"鯨欠健欠堅検 札史 噺 罫堅剣嫌嫌"鯨欠健欠堅検 察 噺 系剣券建堅件決憲建件剣券 鮫士 噺 頚懸結堅月結欠穴嫌 冊酸司 噺 畦券券憲欠健"茎剣憲堅嫌 
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7. Discussion 
 
Fig. 5. Cost breakdown structure (CBS). 
This applied research project aims at developing a Cost Model 
to estimate the time and costs of the end-to-end process to 
deliver a component printed through Additive Manufacturing.  
The CBS is the Model Output which has to be as detailed and 
comprehensive as possible. The CBS has been developed 
through logical inferences and analysis of the combined SoI 
and BPM. The CBS outlined in Fig. , presents 15 cost 
elements which occur within an AM Organisation which 
added together represent the Total Cost of the end-to-end 
process of delivering value to customer. The cost to 
manufacture is made of the Fused Deposition Modelling 
(FDM) cost for printing the part, the Post-processing cost to 
obtain a finished part, the 3D scanner used for Quality 
Assurance to measure the physical tolerances of the part and 
finally the packing of the part for delivering it to the 
customer. The Cost Model is also able to estimate the cost and 
time of the bidding process and geometry preparation process. 
The User needs to provide 10 Inputs to the Model to retrieve a 
Cost Breakdown Structure of 15 cost elements in Fig. . 
 
Fig. 6. Cost model inputs/outputs. 
8. Conclusion and Future Work 
The current Cost Model represents a good starting point for 
estimating the time and cost of delivering an AM printed 
component nevertheless the model is featured with some 
limitations. Firstly, the geometry complexity of the design has 
an impact on the time of deposition due to increased 
movement of the deposition nozzle to deposit the features. 
Moreover, the orientation of the part has an impact on the 
time of deposition due to the related support volume. 
Furthermore, an equation would be required to estimate the 
time of deposition having as input the volume of material. 
Additionally, build failures may occur resulting in loosing 
time and cost. This should be included nevertheless there is a 
lack of data of failure rates. During a deposition the wire 
might deplete and an operator should replace it. Nevertheless, 
this is dependent on the part volume and the level of the 
canister and a standard case is difficult to define. It is reporter 
by users that higher degree of utilization of the build chamber 
have a positive impact on the time of deposition as the 
deposition efficiency increases. Activities related to the 3D 
Scanner should be modelled as these might consume time. 
Moreover, the processing time of the acquired data through 
the 3D Scanner might be higher than the actual acquisition. 
Finally, the 3D Scanner might not be used in all cases 
therefore this should be an option in the model. 
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